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Abstract 
The California Global Warming Solutions Act of 2006 sets a goal for the state to reduce its greenhouse gas emissions to 1990 
levels by 2020.  In preparation for implementation of a cap and trade program under this Act, Chevron has undertaken a detailed 
assessment of greenhouse gas mitigation options and costs.  
 
Such an assessment is key to making compliance decisions within the constraints of a given cap and trade regime.  If the cap and 
trade market is minimally restricted (i.e., recognizes that climate change is a global issue and thus has no geographic restrictions 
and no set requirement for onsite emission reductions), facilities can make the best economic (and environmental) choices of 
where to ‘make’ emission reductions inside the facility fenceline and when to ‘buy’ the emission reduction allowances or credits 
on the market.   
 
The scope of the study included Chevron’s two refineries and a large heavy oil steamflood production operation in California.  
This paper will discuss how mitigation technologies are identified and assessed, describe some of the key greenhouse gas 
mitigation alternatives of interest to the Chevron California facilities and present a business-based approach to analyzing 
mitigation costs. 
 
Technologies studied included energy efficiency, advanced energy (solar, wind, geothermal, biomass, nuclear, low temperature 
heat recovery) and carbon dioxide capture and storage (CCS).  For each mitigation option, a consistent methodology, based on 
the International Petroleum Industry Environmental Conservation Association/American Petroleum Institute (IPIECA/API) 
Guidelines for Evaluation of Greenhouse Gas Emission Reduction Projects was used to assess baseline or ‘business as usual’ 
emissions, net emission reductions due to the project, capital cost, operating cost and any project benefits (e.g., reduced fuel use 
for energy efficiency projects).  These values were then entered into a business evaluation tool to calculate a Net Present Value 
for each option. 
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Key conclusions: 
• Broad involvement of various disciplines is needed to identify new alternatives for greenhouse gas mitigation 
technologies. 
• Other than CCS, options for significant reductions of refinery and petroleum production emissions were extremely 
limited in the facilities studied. 
• Since cost-effective, feasible options are limited for refineries and petroleum production facilities, availability of 
sufficient allowances and offsets is an important element if state goals are to be achieved. 
• Although a number of energy efficiency projects were identified, the cumulative total emissions reductions available 
through energy efficiency projects is minimal. 
• Renewable and advanced energy projects that generate electricity generally have very high mitigation costs, and may 
not greatly benefit facilities if emission caps apply only to direct emissions, since these projects reduce the quantity of 
purchased electricity rather than emissions from the facility itself (and are therefore not eligible for credit under most 
regulatory design schemes). 
• Renewable and advanced energy technologies for steam generation may have significant mitigation potential for heavy 
oil steamflood production.  Further development and demonstration is needed to determine whether these technologies 
will be viable. 
• In order to support good business decisions, it is important that greenhouse gas mitigation technology evaluation be 
done in a manner consistent with other business evaluation processes. 
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1.  Background 
The California Global Warming Solutions Act of 2006, also known as Assembly Bill 32, sets a goal for the state 
to reduce its greenhouse gas emissions to 1990 levels by 2020.  As proposed in the 2008 Climate Change Scoping 
Plan
1
, a portion of the state’s emissions will be regulated under a cap and trade program.  In this program, a fixed 
‘cap’ or limit will be placed on emissions from four sectors -- power generation, industry, commercial and 
residential fuel combustion, and transportation.  Each year, the cap will decline. Entities within the capped sectors 
have three options to meet their emissions cap.  They can: 
 reduce emissions inside the facility fenceline,  
 buy emission allowances from other entities within the cap and trade program or 
 invest in or purchase credits from projects that reduce emissions outside the facility boundary and 
outside the cap and trade program (offsets).   
 
   In order to facilitate decisions among these options, assess the cost of compliance and prepare for 
implementation of AB32, Chevron has undertaken a detailed assessment of greenhouse gas mitigation options and 
cost per tonne using a Marginal Abatement Cost Curve (MACC).  A MACC is a tool for high level assessment and 
comparison of options.  It can be viewed as a “supply curve” for emission reductions. A complete curve clearly 
communicates the relative cost-effectiveness of all available options and thus the order in which available options 
should be considered for implementation. In this way, it helps screen various alternatives.  
 
Such an assessment is key to making compliance decisions within the constraints of a given cap and trade regime.  
If the cap and trade market is minimally restricted (i.e., recognizes that climate change is a global issue and thus has 
no geographic restrictions and no set requirement for onsite emissions reductions), facilities can make the best 
economic (and environmental) choices of where to ‘make’ emissions reductions inside the facility fenceline, when 
to ‘buy’ the emission reduction credits on the market or invest in offset projects outside the facility fenceline.   
 
The scope of the study included projects located ‘inside the fenceline’ of Chevron’s California facilities—the 
Richmond and El Segundo refineries and a large heavy oil steamflood production operation in San Joaquin Valley.  
Offset opportunities are not well-defined in AB32, and are not included in this study.  Furthermore, because the 
proposed cap and trade system is expected only to apply to direct emissions from the facility, projects that would 
result in reduced electricity demand were identified but not included in the cost curves, since they would not impact 
direct emissions. 
 
2. Construction of the Marginal Abatement Cost Curves 
The first step in constructing the Marginal Abatement Cost Curve (MACC) was to identify potential mitigation 
options. In order to identify the broadest possible range of options, several approaches were taken: 
 review proposals from existing energy efficiency programs,  
 assess upcoming capital projects for potential additional emissions reductions,  
 consider novel application of technologies from outside the normal business and  
 review new technology options that have been reliably demonstrated. 
 
In order to develop a comprehensive set of mitigation options, energy coordinators and long-range planners for 
each facility took a leadership role, with central coordination from Chevron’s internal technology company. Initial 
ideas were gathered from each facility using a variety of methods. Meetings were held with process engineering 
staff, operators and maintenance crews, and an ‘idea box’ was posted to broadly solicit input.  A general meeting 
was also held to share ideas across facilities and to discuss emerging technologies and projects.  At this meeting, 
representatives of Chevron Energy Solutions, Chevron Technology Ventures and Chevron's Energy Technology 
Company met with facility representatives to provide updates on their businesses, products and technologies. This 
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meeting proved very valuable for strengthening ties between the facilities and the technology companies, and for 
identifying technology applications of potential interest for greenhouse gas mitigation. 
 
Once the set of mitigation options was identified, the ideas were screened for practicality and applicability to a 
specific facility or process. The cost and mitigation potential of the feasible alternatives was then estimated in order 
to determine the cost per tonne of mitigation. Ideally, the same level of detail would be applied across all assessed 
options. In practice, however, only some options were well-developed and had a fairly high degree of certainty in 
the cost estimate and emissions mitigation potential. Other options appeared to be feasible, but were not well 
developed. In particular, for emerging technologies such as advanced solar systems for large scale steam production, 
and post combustion carbon dioxide capture and storage, there is little or no data from commercial demonstrations 
that is directly applicable to oil production and refining. Thus it is not possible to reliably predict whether the 
technology will develop as projected, let alone what the cost and mitigation potential will be. The degree of 
uncertainty in cost and emission estimation was documented for each alternative studied.  In addition, inherent risks 
and the possibility of their occurrence were assessed. For example, some projects were likely to have more difficulty 
in obtaining permits than others; for some projects, right-of-way or access to resources would need to be considered. 
Although these variables are not directly included in the MACC, they are highly relevant to compliance decisions, 
and should be incorporated in the final decision-making process. 
 
The MACC was constructed by placing the mitigation alternatives in rank order by cost per tonne of emissions 
reduced (from lowest to highest cost per tonne).  MACC’s typically show cost per tonne on the ordinate (y-axis) and 
mitigation potential on the abscissa (x-axis).  As noted above, the curve is intended to give a first pass assessment of 
potential mitigation options.  For this assessment, it was noted that some technologies are well demonstrated and 
reliable for the petroleum industry (e.g., energy efficiency), while other technologies are still in development (e.g., 
carbon dioxide capture and storage).   Furthermore, permitting and other risks are also important for some 
alternatives. Because of this significant difference in probability of success, each mitigation alternative was 
categorized as either high risk or low risk. 
 
 
 
 
 
Figure 1.  Conceptual Marginal Abatement Cost Curve 
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3. Identification of Mitigation Technologies  
The main types of greenhouse gas mitigation technologies for the oil and gas industry are: 
 technology improvement 
 energy efficiency 
 renewable energy 
 carbon dioxide capture and storage 
 
i.  Technology Improvements   
 
The most basic method for reducing greenhouse gas emissions would be to rely on technologies that have 
inherently lower emissions and/or use less energy.   
 
Because refinery and steam generation technologies have been in existence for many years, and because there are 
significant existing business drivers for improving process technologies, consideration of technology alternatives 
very rarely leads to significant opportunities for mitigation of greenhouse gas emissions in the oil and gas industry. 
Advances in computing speed and 3-D seismic analysis have reduced the amount of steam required for the 
production of heavy oil through improved reservoir management. Likewise,  more rigorous and accurate refinery 
process models have reduced steam and fuel use through thermodynamic “pinch” analysis and improved process 
heat integration. Use of corrosion resistant alloys and the use of “anti-fouling” chemical additives reduce the rate of 
heat transfer loss between scheduled unit maintenance turnarounds, which also reduces fuel use. 
 
For the facilities reviewed, no additional technology improvements were identified. 
 
ii.  Energy Efficiency Improvements  
 
After consideration of ways to reduce energy demand, the next area for evaluation is the potential for improving 
the efficiency of energy that must be used.  Most companies in the oil and gas industry have robust energy 
efficiency programs in place, particularly in the refining business.  These programs follow systematic guidelines for 
improving facility energy efficiency. One example can be found in Worrell and Galitsky “Energy Efficiency 
Improvement and Cost Savings Opportunities for Petroleum Refineries”2.   
 
Several energy efficiency opportunities were identified by the facilities.  Examples from the steamflood oil 
production operation include replacement of boilers that were oversized, and in some cases, refurbishing the boilers 
to improve overall efficiency.  The need for these improvements was driven primarily by economics and the need to 
comply with new rules for criteria pollutants such as NOx.   
 
In the refineries, only small, incremental energy efficiency improvements were found.  These included boiler 
feedwater deaerating and heat exchange, use of ceramic coatings on furnace tubes, condensate recovery projects, 
and several others.  The paucity of projects and small mitigation potential is not surprising, since Chevron’s 
refineries have had energy efficiency programs in place for many years.  Furthermore, for the past 20 years, each 
new major capital project in the Chevron’s refining system has included an energy efficiency review, and has 
incorporated all feasible energy efficiency options.  For example, the Richmond refinery constructed cogeneration 
plants to efficiently produce steam and electricity.  Production of steam from the cogen units, coupled with 
implementation of other energy efficiency projects reduced steam demand from an existing boiler, so that it was 
running below design/optimum capacity.  Shortly thereafter, the boiler was shut down and the load was transferred 
to other boilers.  This improvement yielded an increase in total steam production efficiency, not because the existing 
boiler was inherently inefficient or poorly designed, but because the existing boiler could not be run at an efficient 
rate with the new steam balance.  The steam system was more efficient overall because it was sized properly for the 
steam demand. 
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In theory, energy efficiency can provide low-cost or even payout opportunities for greenhouse gas emissions 
reduction. However, there are some limitations to the effectiveness of energy efficiency measures: 
 
 Limited potential for emission reductions. At best, energy efficiency can yield only marginal reductions 
in emissions, particularly at facilities that have taken early actions. The underlying thermodynamics of 
industrial processes require a certain amount of energy, so even at 100% efficiency, energy will be 
needed. In practice, multiple factors impede efficiency of energy transfer. Furthermore, in industries 
such as petroleum refining, where energy efficiency has been a focus for decades, opportunities for 
significant improvements in energy efficiency are severely limited. 
 High capital costs relative to emissions reductions.  In the refineries and energy intensive oil production 
operations (such as steam floods), a small amount of low temperature heat may be released from the 
processes.  Although it is possible to recover this and transform it into useful work, such as electricity 
generation, in many cases capital costs for this recovery are so high and the resulting emission 
reductions so low that the project is not feasible as a greenhouse gas mitigation alternative. Furthermore, 
the amount of energy that can be extracted from a furnace or boiler stack is limited by the acid dew point 
temperature of the stack gas (typically 250-350 degrees Fahrenheit). Operating below this temperature 
will result in corrosion to the exhaust system.  
 Effect on reliability/flexibility. It is essential for refineries to have some degree of flexibility in their 
operations. If several processing units are linked by energy recovery projects, it becomes difficult to 
schedule maintenance turnarounds, and the shutdown of one unit may affect operation of the other units. 
Because of this, projects which could theoretically increase energy efficiency may not be technically 
feasible due to their effect on the flexibility and reliability of the refinery. 
 
iii.  Renewable and Advanced Energy   
 
The next area of interest was production of energy from sources that have lower greenhouse gas emissions than 
conventional fossil fuels. This includes solar, wind, biomass, geothermal and nuclear. Each of these energy sources 
was evaluated for potential applicability to each refinery and to the steamflood production operation. 
 
Solar Power/Thermal:  Although a small solar demonstration facility was installed on the roof of a building in the 
Richmond California facility, solar energy is not a significant contributor of heat or power to the refinery. This is 
because the facility is located near the Pacific coast, where frequent fog and winter cloud cover result in very low 
solar insolation. The same situation exists for the El Segundo refinery.   The cost per tonne and mitigation potential 
for the Richmond solar installation were used as the basis for consideration of other solar projects proposed for the 
refineries.  An additional barrier to significant deployment of solar energy is the relatively small geographic 
footprint of each refinery compared to the area that would be needed for significant generation of energy from solar 
panels. 
 
Near the steamflood production in the San Joaquin Valley, a demonstration of next-generation solar photovoltaic  
energy technologies is currently being conducted. The project will enable evaluation of seven emerging photovoltaic 
technologies to help determine the potential application of renewable power at other facilities.  The project will test 
the performance of six emerging thin-film technologies and one emerging crystalline-silicon photovoltaic 
technology, which were provided by independent solar companies.  Because these technologies are very early in the 
development stage, they were not included on the cost curve. 
 
Also in the San Joaquin Valley, a solar steam generator is under construction.  This demonstration will enable the 
evaluation of how energy from an intermittent source (such as the sun) could be integrated into a continuous 
operation (such as a steamflood).  Because this approach is in the very early stage of development, it was not 
included on the cost curve.    
 
Wind Power: None of the facilities studied had sufficient windspeed or consistency for conventional wind power 
to be viable. 
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Biofuels/Biomass:  Because of a state mandate that requires a 10% reduction in tailpipe emissions from 
transportation fuels by 2020, supply of conventional biofuels, such as corn- or sugarcane-based ethanol, is expected 
to be constrained. Therefore, conventional liquid biofuels were outside the scope of this project.   
 
Biomass for boiler firing and/or as feed to a gasification unit was reviewed.  Use of ‘waste’ biomass such as 
agricultural waste, yard trimmings, etc. for boiler firing was a relatively expensive option, due to the high cost of 
boiler or gasifier construction, feed transportation and handling.  Cultivation of biomass would be land-intensive, 
requiring hundreds of square miles to make a significant reduction in carbon emissions.  Finally, permitting a 
biomass-fired boiler or gasifier could be difficult, and the potential for increased criteria pollutant emissions would 
need to be mitigated.  Biomass firing of steam generators and biomass gasification were therefore categorized as 
‘high risk’.   
 
Consideration was also given to biogas, such as that generated from landfills. Very little of this gas is available 
compared to refining or steamflood needs. In addition, landfill methane contains roughly 20-40% of non-methane 
organic compounds, and requires extensive treatment before it can be used.  Landfill gas sources decline rapidly, 
making it difficult to recover the cost of refinery modifications to either treat or consume as-is.  Biogas firing was 
included as a ‘high risk’ option, with high costs (due to the need for transportation and cleanup) and low mitigation 
potential (due to the small supply).  A more practical use for biogas may be small-scale power generation, since this 
might be done at the landfill site, and used to meet renewable power standards. 
 
Geothermal:  None of the facilities studied had sufficient local geothermal energy potential.  It was noted that 
there are geothermal energy sources in California, which may be of interest as offset projects or as a means to 
achieve the state’s goal for renewable power supply.  However, geothermal sources were out of scope for this 
assessment. 
 
Nuclear:  Because construction of nuclear power plants is forbidden by the Constitution of the State of California, 
this option was not considered.  Furthermore, small-scale nuclear power for process plants is not a commercially 
demonstrated technology. 
 
iv.  Carbon Dioxide Capture and Storage   
 
Once all opportunities for reducing energy use and substituting non-carbon forms of energy have been reviewed, 
consideration should be given to ‘end of pipe’ capture of CO2 and storage in subsurface formations.   
 
For the refineries, carbon dioxide capture was evaluated for combustion sources, hydrogen plants and fluid 
catalytic crackers.  For each source type, three modes of capture were evaluated—post-combustion/solvent capture, 
oxy-firing and precombustion decarbonization (also known as hydrogen-firing)
3
.  Although carbon dioxide capture 
and storage may be technically feasible in a refinery, several hurdles remain.  Even for process CO2 from the 
hydrogen plant, the most concentrated, pressurized stream, capital and operating costs are significant.  Furthermore, 
both of Chevron’s California refineries have limited land area for operations; in-depth studies would be needed to be 
certain that sufficient plot space and access is available for an amine system, oxygen generation and piping, or 
significant additional hydrogen production.  Furthermore, local issues such as permitting and access to right-of-way 
for a carbon dioxide transmission pipeline would need to be addressed.  Because of these issues, and since carbon 
dioxide capture and storage has not been demonstrated at commercial scale in a refinery, CCS options were listed as 
‘High Risk’ on the cost curve. 
 
For the San Joaquin Valley steamflood operations, capture from combustion sources was evaluated for both 
cogeneration facilities and conventional steam generators. In all cases, the cost per tonne of capturing CO2 from 
existing sources is very high. The cogeneration units that supply steam for the steamflood are not located in close 
proximity to each other, so carbon dioxide capture from each unit was assessed separately.  None of the cogen units 
has the economy of scale to make capture a viable option; each one produces less than 500,000 tons per year of 
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carbon dioxide in a relatively dilute stream.  The cost per tonne of capture from conventional steam generation was 
even higher because the individual steam generators are smaller and spread over a very large area.  Numerous 
capture and regeneration units, as well as transmission lines would be needed with the current configuration.  It 
should also be noted that carbon dioxide capture and storage from steam generators and cogeneration facilities has 
not been demonstrated at the commercial scale, and there are risks associated with permitting and right-of-way.  
Therefore, these projects were listed as high risk on the cost curve. 
4. Marginal Abatement Cost Curve for California Facilities  
The technologies discussed above were evaluated for each facility. As discussed in section 2, the options were 
first screened for practicality and applicability to each facility.  The cost and mitigation potential for each alternative 
were then estimated, and cost per tonne was calculated.   
 
There are several approaches to cost analysis. Because greenhouse gas mitigation projects often require 
significant capital investment, it is important to evaluate these technologies using a business-based approach.  There 
are multiple options for use of capital investments, ranging from greenhouse gas mitigation to investment in 
emerging businesses to construction of new facilities that will enable lower-cost supply of energy. One way to 
compare costs of various opportunities is to look at the net present value of the capital and operating expenses. The 
Net Present Value (NPV) is the difference between the present value (PV) of the future cash flows from an 
investment and the amount of investment. This approach acknowledges that there is a cost of capital (typically 
related to the prevailing rates of interest, inflation and investment risk), and enables a single number to reflect both 
capital and operating costs over a specific time period (typically 20 to 30 years).  For this analysis, the NPV per 
tonne of greenhouse gas emission reduction was estimated. 
 
For each project, the emission reduction is the difference between forecasted emissions under the ‘reduction 
project’ scenario and expected emissions under a ‘business-as-usual’ scenario without the project.  To define the 
‘project’ and ‘business-as-usual’ scenarios, the methodology described in the IPIECA Oil and Natural Gas Industry 
Guidelines for Greenhouse Gas Reduction Projects
4
 was applied.  The emission estimates were based on 
methodologies in the API Compendium of Emissions Estimating Methodologies for the Oil and Gas Industry
5
.  
 
Using the net present value approach for cost estimating and the IPIECA Guidelines as the basis for emissions 
reduction estimates, the levelized cost of abatement was determined by dividing the Net Present Value of each 
project by the mitigated emissions.  A cost curve was then constructed for each facility.  The curves were reviewed 
for consistency and then compiled into a composite cost curve as shown in Figure 2.  The oval on the left side of the 
chart indicates the cost-effective and low risk options—the ones that could be reasonably expected to deliver 
emissions reductions at the estimated cost per tonne in time for compliance obligations that begin in 2012.  Higher 
risk options cannot be relied upon for compliance obligations or business planning purposes, but are shown to give 
an indication of what was reviewed.  For the three facilities studied, the sum total of all cost-effective, feasible 
opportunities was less than 20,000 tonnes per year, while the total emissions from the three facilities is more than 12 
million tonnes per year. 
 
Most of the opportunities were related to energy efficiency improvements in refining.  Although a handful of 
opportunities were identified, as expected, the total of all opportunities yielded a fairly small emissions reduction 
(less than 5% of the total emissions).  A few opportunities for renewable energy were identified, and the results of 
the evaluations for the least expensive carbon dioxide capture and storage approaches were quantified and listed as 
‘high risk’.   
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5. Conclusions 
Marginal Abatement Cost Curves provide a valuable approach for high-level assessment and comparison of 
mitigation options. For the oil and gas production and refining operations studied, very few reliable options are 
available to mitigate emissions, and those options provide only incremental quantities of greenhouse gas reduction 
potential. 
• Broad involvement of various disciplines is needed to identify new alternatives for greenhouse gas 
mitigation technologies. 
• Other than CCS, which has not been demonstrated for these types of facilities on a commercial scale, 
options for significant reductions of refinery and petroleum production emissions were extremely limited in the 
facilities studied. 
• Since cost-effective, feasible options are limited for refineries and petroleum production facilities, 
availability of sufficient allowances and offsets is an important element if state goals are to be achieved. 
• Although a number of energy efficiency projects were identified, the cumulative total emission reductions 
available through energy efficiency projects is minimal, since ongoing energy efficiency programs have identified 
and implemented nearly all opportunities. 
• Renewable and advanced energy projects that generate electricity had very high mitigation costs for the 
locations studied, and may not greatly benefit facilities if emission caps apply only to direct emissions, since these 
projects would back out purchased electricity rather than reducing emissions from the facility. 
• In order to support good business decisions, it is important that greenhouse gas mitigation technology 
evaluation be done in a manner consistent with other business evaluation processes. 
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